Chagas disease, caused by the parasite Trypanosoma cruzi, is an important cause of cardiac disease in endemic areas of Latin America. It is now being diagnosed in nonendemic areas because of immigration. Typical cardiac manifestations of Chagas disease include dilated cardiomyopathy, congestive heart failure, arrhythmias, cardioembolism, and stroke. Clinical and laboratory-based research to define the pathology resulting from T. cruzi infection has shed light on many of the cellular and molecular mechanisms leading to these manifestations. Antiparasitic treatment may not be appropriate for patients with advanced cardiac disease. Clinical management of Chagas heart disease is similar to that used for cardiomyopathies caused by other processes. Cardiac transplantation has been successfully performed in a small number of patients with Chagas heart disease.
BIOLOGY OF TRYPANOSOMA CRUZI
Most T. cruzi infections are acquired through vector-borne transmission. Other modes of transmission include transfusion of contaminated blood products, organ transplantation, congenital transmission, laboratory accidents, and the ingestion of contaminated food and drink. Small outbreaks of acute Chagas disease associated with the latter have been reported in South America, but the overall incidence of food-borne transmission is unknown. 9, 10 In endemic areas of Mexico, Central and South America, infected vectors (triatomine bugs) often invade the primitive houses that are typical in rural areas and the bugs feed on people as they sleep. Both wild and domestic mammals, including dogs living in and around dwellings, often are infected and act as reservoirs for the parasite.
The parasite has a complex life cycle consisting of 4 life stages ( Fig. 1 ). Bloodform trypomastigotes are ingested by triatomine insects feeding on an infected mammalian host. Once in the insect vector, the trypomastigotes transform into epimastigotes that, after many rounds of multiplication by binary fission, become nondividing but infectious metacyclic trypomastigotes in the hindgut. These forms are deposited with the feces of the vector during blood meals. Transmission to a new mammalian host occurs when the parasite-laden feces contaminate oral or nasal mucous membranes, the conjunctivae, or wounds in the skin, including vector bites. Once in the mammalian host, the trypomastigotes enter host cells and transform into amastigotes, which are the multiplying intracellular form ( Figs. 2A, B ). Amastigotes transform into bloodform trypomastigotes, which are released into the bloodstream as the host cell ruptures. Bloodform trypomastigotes ( Fig. 2A ) can infect adjacent cells or disseminate via the lymphatics and bloodstream to infect cells at distant sites. Any nucleated mammalian cell can be parasitized, including cardiac myocytes (Fig. 2C) , peripheral muscle cells, endothelial and vascular smooth muscle cells, cells of the central and peripheral nervous systems, the reticuloendothelial system, and the adipose tissue. Recent studies in mice and humans indicate that the adipose tissue is a target and a reservoir for this parasite. 11, 12 
EpIdEmIOLOGY OF ChaGas dIsEasE In thE UnItEd statEs and OthEr nOnEndEmIC arEas
Outside endemic areas, Chagas disease was long regarded as an exotic disease and given little attention in textbooks and medical school curricula. This disease is endemic in Mexico, Central, and South America, where vector-borne transmission of T. cruzi typically occurs in persons living in rural areas. Because Chagas disease was thought to be confined to endemic areas of Latin America, it was not regarded as an important health concern elsewhere. In recent decades, patterns of emigration from Chagas-endemic areas have drastically altered the epidemiology of this disease in the United States and other nonendemic regions. [13] [14] [15] [16] [17] [18] [19] [20] [21] For example, in 2009 Bern and Montgomery estimated that 300,000 persons living in the United States were chronically infected with T. cruzi. 22 Moreover, there are many Brazilian immigrants in Portugal, Bolivian immigrants in Spain, and Latin American immigrants in France. The seroprevalence of Chagas disease among Bolivian women in Barcelona is 3.4%. 14 Although the vast majority of infections in the United States are in immigrants from endemic areas, indigenous vector-borne T. cruzi infection was reported here as early as the 1950s, and since then triatomine bugs and infected mammalian reservoirs have been reported from 18 states across the southern tier of the United States.
Serologically positive persons usually have the indeterminate, asymptomatic form of Chagas disease and are unaware of their infection, but remain potential sources of transmission. Congenital transmission is one such source, and it has been reported in Europe in several infants born to Latin American immigrant mothers with undiagnosed Chagas disease. [23] [24] [25] These observations and the background knowledge that congenital Chagas disease occurs in 2% to 10% of babies born to women with chronic T. cruzi infections suggest that in the nonendemic countries all pregnant women at risk for Chagas disease should be screened serologically for T. cruzi infection.
Chagas disease in immunosuppressed patients has become a consideration, particularly as it pertains to organ transplant recipients. Blood and organ donors unaware of their infection status may serve as sources of transfusion or transplant-transmitted infection, although blood donor screening programs in the United States, Canada, and the endemic countries essentially have eliminated transfusion transmission. Similarly, organ recipients who are chronically infected may experience severe disease related to reactivation of chronic infection. In nonendemic areas, the screening of donors and/or recipients for Chagas disease may not be performed routinely. In addition, persons with chronic Chagas disease and HIV/AIDS may have a recrudescence of the T. cruzi infection that can go unrecognized or misdiagnosed as other diseases such as Toxoplasma encephalitis.
The cardiac disease burden attributable to Chagas disease in immigrant populations is an emerging concern. For example, a recent article by Roca et al 18 27, 28 Despite these early and subsequent reports of serious cardiac disease associated with T. cruzi infection, awareness of Chagas disease among US healthcare providers has remained limited. 29, 30 
CLInICaL pathOLOGICaL COrrELatIOns
Individuals found to be serologically positive for Chagas disease as adults usually do not recall having had an illness attributable to acute T. cruzi infection and are unaware of their infection. This is because vector-borne acute Chagas disease is usually mild and most acute infections are subclinical. After an incubation period of 1 to 2 weeks, a newly infected individual may develop nonspecific signs and symptoms such as fever, chills, myalgias, tachycardia, rash, and meningeal irritation. A raised inflammatory lesion at the site of parasite entry (a chagoma), unilateral periorbital edema (Romaña sign) ( Fig. 3) , conjunctivitis, lymphadenopathy, and hepatosplenomegaly may also be observed in acute infection. Anemia, thrombocytopenia, and elevated liver enzymes may be present. In many patients, bloodform trypomastigotes can be seen in wet preparations of blood ( Fig. 2 ). Serologic tests for T. cruzi-specific immunoglobulin M are inaccurate and tests for specific immunoglobulin G are often negative during early acute infection. Myocarditis, cardiomegaly, vasculitis, or congestive heart failure (CHF) develop in a very small percentage of acutely infected patients. The presence of arrhythmias is usually a poor prognostic finding. One group has stated that the mortality rate of acutely infected patients, often children, is between 0.25% and 0.5%, and the common cause of death is acute myocarditis and/or meningoencephalitis. 5 An immune response develops in immunocompetent patients, the parasitemia wanes, and signs and symptoms resolve completely in 1 to 2 months. These persons then enter the indeterminate form of chronic infection, which is characterized by positive serology but by the absence of clinical manifestations. This form may last from months to an entire lifetime, and as noted, most chronically infected persons never develop clinical manifestations. Most experts believe that only 20% to 30% of infected individuals develop clinical chronic Chagas disease.
Clinical chronic Chagas disease typically presents with cardiac or GI manifestations, or both. Cardiac manifestations usually predominate, although in some geographic areas GI alterations are also important. Chronic Chagasic heart disease represents extensive remodeling of the cardiovascular system, manifested insidiously as CHF or abruptly with arrhythmias and/or thromboembolic events. Stroke is recognized as an important manifestation of chronic Chagasic cardiomyopathy, and in some cases, it is the initial manifestation in previously asymptomatic persons. 7, 31 Although cardioembolism is the most common cause of stroke in these patients, other causes include microvascular disease, arteriosclerosis, and atrial fibrillation.
Dilated congestive cardiomyopathy is also an important manifestation, and it usually occurs years or even decades after a person first becomes infected. Apical aneurysm of the left ventricle is one of the hallmarks of chronic Chagasic cardiomyopathy and is observed by cardiac imaging and at autopsy. Histology of cardiac tissue from patients with chronic Chagasic cardiomyopathy reveals cardiac myocyte hypertrophy, chronic inflammation, and fibrosis ( Fig. 4 ). The destruction of conduction tissue results in atrioventricular and intraventricular conduction abnormalities. A common electrocardiogram (ECG) abnormality is right bundle branch block, which may also be associated with an anterior fascicular block, but any ECG alteration may be observed in patients with chronic Chagasic cardiomyopathy. Conduction defects may necessitate the placement of a pacemaker. Some have suggested that increases in levels of brain natriuretic peptide may be important in the evaluation of patients with chronic Chagasic heart disease 32, 33 ; however, this has not attained universal acceptance. Echocardiography and cardiac magnetic resonance imaging (MRI) are often useful in assessing severity of disease.
The GI dysfunction that accompanies chronic Chagas disease may coexist with heart disease and is likely the result of injury to the enteric nervous system. Megacolon and/or megaesophagus are most common. [34] [35] [36] Other associated dysfunctions include achalasia and aspiration pneumonia, disturbances of gastric emptying, alterations in intestinal transit, and motility disorders of the colon and gall bladder. Imaging studies of the GI tract and pressure and motility studies are useful in assessing the extent of damage. Recently, the Jelicks and Tanowitz laboratories described intestinal dilation in an infected mouse model and the possibility that selenium could ameliorate this alteration. 37, 38 These observations may have therapeutic implications for GI and cardiac disease. 39 
pathOLOGY and pathOGEnEsIs
Much of what we know regarding the pathology and pathogenesis of T. cruzi infection is derived from animal models and cell culture experiments. The outcome of a T. cruzi infection, as with other infections, is dependent on both parasite and host factors. The immunology of T. cruzi infection in experimental animals and humans has been the focus of several recent reviews and will only be discussed briefly here. [40] [41] [42] [43] Suffice it to say that acute infection causes an intense inflammatory reaction, which consists of leukocytes including macrophages and occasionally eosinophils. The expression of cyto kines, chemokines, nitric oxide synthase, and endothelin-1 (ET-1) 44-46 in the cardiovascular system is elevated. CD4+ and CD8+ T cells are present in the inflammatory infiltrate of the myocardium, but in chronic Chagasic cardiomyopathy, CD8+ T cells predominate. 47, 48 In the heart, there are parasitic pseudocysts (Figs. 2C, 4B) associated with myonecrosis, myocytolysis, and vasculitis. In that regard, the involvement of the vasculature in the pathogenesis of Chagasic cardiovascular disease has only been appreciated in the past decade, although it had been described in earlier works. Mast cells have also been observed in inflamed tissues. 49 Bloodform trypomastigotes gain access to the cardiac myocytes by first invading endothelial cells, vascular smooth muscle cells, and the interstitial areas of the vasculature and the myocardium. Cardiac myocytes are then invaded and destroyed as is the vasculature. The trypomastigote passes through 2 basal laminae areas and 2 layers of the extracellular matrix of the myocardium and the interstitial matrix between the basal laminae. Parasite-derived enzymes likely contribute to the degradation of the extracellular matrix and subsequent parasite invasion. 50 In an experimental model, it was demonstrated that the expression and activity of myocardial zinc-dependent metalloproteinases (MMP-2, MMP-9) are upregulated in infection and that inhibition of these enzymes reduced the inflammation in the myocardium. 51 In the heart, there are 3 layers of cardiac myocytes that are obliquely oriented to each other and meet at the apex. Because of ischemia or inflammation and necrosis, there is degradation of the extracellular matrix, which leads to slippage of the ventricular layers leading to mural thinning and apical aneurysm formation. As noted, damage to this area of the myocardium is common in chronic Chagasic heart disease. The remodeling process of the heart entails structural changes associated with inflammation, necrosis, hypertrophy, and ventricular dilation ( Fig. 4) . Myocytolysis, myonecrosis, and contraction band necrosis are frequently observed. Myocytolysis is likely the result of the differentiation of amastigotes into bloodform trypomastigotes, and contraction band necrosis results from hypoperfusion followed by reperfusion such as that seen after local vasospasm of the branches of the coronary microvasculature. Bands of fibrous tissue replace cardiac myocytes, and an important feature of Chagasic heart disease is the accumulation of extracellular collagen that encloses fibers or groups of fibers (Figs. 4C, D). Any part of the heart may be involved, including the conduction pathway. Microvascular involvement manifested by basement membrane thickening has been demonstrated. These changes are irreversible and lead to structural and functional alterations. Thus, cardiovascular remodeling processes result in damage to the extracellular matrix and fibrous tissue replacement of cardiac myocytes and cells of the vasculature. 52 These pathological changes eventually result in thinning of the myocardium and cardiac hypertrophy.
In T. cruzi-infected mice and in cultured myoblasts, there is increased expression of the components of the mitogen-activated protein kinase pathway specifically such as extracellular signal regulated kinase (ERK) and cell cycle regulatory proteins. 53, 54 The protein caveolin (Cav) is a negative regulator of ERK and cyclin D1. 55 A reduction in the expression of Cav-1 and Cav-3 usually results in the upregulation of ERK activity and an induction of cyclin D1 gene expression, which contribute to cardiac myocyte hypertrophy and ultimately cardiomyopathy. Cav-1 is expressed in cells other than cardiac myocytes and Cav-3 is expressed only in cardiac myocytes. It is interesting to note that Cav-1 and Cav-3 null mice, and the Cav-1/Cav-3 double null mice, display a cardiomyopathic phenotype associated with cardiac myocyte hypertrophy and interstitial fibrosis. [56] [57] [58] During acute T. cruzi infection, a reduction in the expression of Cav-1, Cav-2, and Cav-3 was observed accompanied by activation of ERK, activator protein 1, nuclear factor κ light chain enhancer of activated B cells, and increased cyclin D1 expression. 53, 59, 60 The Tanowitz and Lisanti laboratories have demonstrated that infection of the myocardium is associated with cell proliferation of cells other than cardiac myocytes. 53, 59 Infection may result in cells such as cardiac myocytes, which are terminally differentiated, reentering the cell cycle. Cyclins A and E, abundant in fetal/neonatal cardiac myocytes and not normally found in postmitotic adult hearts, are believed to be involved in cardiac myocyte proliferation in the developing heart. 45, 61 The reappearance of cyclin E-positive and cyclin A-positive cells in the adult myocardium raises the possibility that infection causes a dedifferentiation of adult cardiac myocytes and enables their reentry into the cell cycle. It is not known whether this contributes to the cardiomyopathic phenotype.
The paucity of parasites in the myocardium has also led to several theories regarding the etiology of chronic Chagasic cardiomyopathy including microvascular compromise, 62 autoimmunity, [63] [64] [65] and neurogenic mechanisms. 66, 67 More recently, the group headed by Garg has presented evidence that T. cruzi infection results in oxidative stress in the myocardium [68] [69] [70] and targeted therapy can reverse these alterations in the mouse model. 71, 72 Also recently, Teixeira et al 73 demonstrated that there may be an energetic defect as a result of a selective reduction in the creatine kinase and ATP synthase complex in the myocardium of humans with chronic Chagasic cardiomyopathy.
VasCULatUrE and ChaGas dIsEasE
Because the vasculature comprises ~35% of the volume of the myocardium, it is reasonable to speculate that the nature of the interaction of the parasite and the endothelium would be important in the pathogenesis of this infection. 62, 74 The initial descriptions of a T. cruzi-induced vasculitis were reported early in the discovery of this disease but popularized more recently. In the 1980s, it was beginning to be appreciated that microvascular compromise was an important contributing factor in the pathogenesis of experimental and human cardiomyopathies of diverse etiologies and that treatment with verapamil improved the coronary blood flow and outcome. 75 Factor et al, 76 using a mouse model of acute T. cruzi infection, clearly demonstrated vasospasm and saccular aneurysms in the subendocardial microvasculature, similar to that described in other cardiomyopathies, and that these alterations might contribute to the development of the typical dilated cardiomyopathy observed in chronic Chagasic cardiomyopathy. 45, 76 Furthermore, Tanowitz et al 77 demonstrated that T. cruzi infection caused a reduction in blood flow in the microvascular bed, which was reversed by early and not late treatment with verapamil and an improvement in the myocardial pathology. [77] [78] [79] EndOthELIn ET-1 is a 21 amino acid peptide 80 described as a powerful vasoconstrictor secreted by endothelial cells. T. cruzi infection of cultured endothelial cells resulted in an increase in biologically active ET-1. It is now appreciated that other cell types can synthesize ET-1, such as cardiac myocytes, fibroblasts, astrocytes, and macrophages. 81 The synthesis of ET-1 is mediated by endothelin converting enzyme, which converts Big ET-1 (31 amino acids) to ET-1. The biological properties of ET-1 are mediated by the G-protein-coupled endothelin receptors, ET A and ET B . Although ET-1 is constitutively expressed in many cells, increased synthesis has been associated with many disease states such as malignant hypertension, primary pulmonary hypertension, CHF, sepsis, meningitis, eclampsia, subarachnoid hemorrhage, and cerebral malaria. 82 Mice infected with T. cruzi display an increased expression of ET-1 protein and mRNA in the myocardium and an increase in plasma ET-1 levels, 83 and treatment of infected mice with phosphoramidon, an inhibitor of endothelin converting enzyme, reduced T. cruzi infection-induced right ventricular enlargement. 84 Importantly, when mice in which the gene for ET-1 was deleted in either cardiac myocytes or endothelial cells were infected with T. cruzi, there was an amelioration in cardiac remodeling. 85 It is interesting to note that elevated plasma levels of ET-1 have been demonstrated in patients with chronic Chagasic cardiomyopathy. 86 However, it is unclear whether this is a result of CHF in general or Chagasic cardiomyopathy in particular. Hassan et al 87 found increased expression of ET-1 in the carotid arteries of T. cruziinfected mice, suggesting the importance of ET-1 in the vasculature of infected mice, and by implication, in infected humans.
EICOsanOIds
Eicosanoids are lipid mediators that participate in many biological activities including vascular tone, inflammation, ischemia, and tissue homeostasis. 88 The mammalian biosynthetic pathways are dependent on liberation of arachidonic acid from the inner leaflet of the plasma membrane. Thromboxane A 2 (TXA 2 ) is generated during arachidonic acid metabolism and is the most potent vasoconstrictor known. It acts via its receptors TPα and its splice variant TPβ, both of which are expressed on human endothelial cells. Therefore, the observation in experimental animals and humans regarding vasospasm, platelet aggregation, and thrombi in the coronary microcirculation was reminiscent of the actions of TXA 2 . As far back as 1990, Tanowitz et al 89 described an increase in platelet aggregation in infected mice accompanied by an increase in plasma TXA 2 . The increased levels of TXA 2 could explain, in part, the vascular spasm and the platelet aggregation. Subsequently, the Tanowitz laboratory group demonstrated that T. cruzi synthesized TXA 2 and that the majority of TXA 2 detected in the blood of infected mice is parasite derived. 90 These observations suggest that TXA 2 could contribute to the pathogenesis of chronic Chagasic cardiomyopathy and its clinical manifestations. More recently, on the basis of these observations, we administered aspirin to T. cruzi-infected mice and observed a reduction in the plasma levels of TXA 2 . 91 Aspirin inhibits the mammalian cyclooxygenase-1 enzyme, thus reducing the levels of prostaglandin H 2 available for the synthesis of TXA 2 . These data suggest that aspirin treatment of the infected host decreases the ability of the parasite to scavenge prostaglandin H 2 from the host to synthesize TXA 2 . Despite the potential benefit of decreasing the T. cruzi-derived TXA 2 production with aspirin, we also observed that aspirin-treated infected mice displayed a high parasitemia and mortality. These observations are likely a result of "off target" factors unrelated to TXA 2 . 91 Although these observations suggest that caution should be used in the treatment of fever and pain with cyclooxygenase-1 inhibitors in acute infection, this has never been tested clinically.
LaBOratOrY dIaGnOsIs OF ChaGas dIsEasE
The diagnosis of acute T. cruzi infection in a patient is usually made by the detection of parasites in wet mounts of blood and in Giemsa-stained slides. Testing for anti-T. cruzi immunoglobulin M antibodies is not useful because tests for this antibody isotype are not well standardized. Inoculation of blood samples into a special medium or into mice may be required to demonstrate the parasite, but these culture methods are not clinically useful because parasites may not be seen for several weeks. Parasites may at times be observed at other sites, such as pericardial fluid, bone marrow, brain, skin, and lymph nodes. If acute Chagas disease is suspected in an immunocompromised patient, examination of other samples may be useful. Polymerase chain reaction (PCR) testing is thought to be the most sensitive method for detecting acute T. cruzi infection; PCR testing is available at the Centers for Disease Control and Prevention in the United States. PCR-based tests have been used to diagnose acute infection in congenitally infected neonates and in immunosuppressed patients.
The diagnosis of chronic Chagas disease is usually based on detecting T. cruzi-specific antibodies. Several serologic assays are available commercially, including indirect immunofluorescence, enzyme-linked immunosorbent, and chemiluminescent assays. Serologic assays are used widely for clinical diagnosis and for screening of donated blood, and in epidemiologic studies. A radioimmunoprecipitation assay based on iodinated T. cruzi proteins is sensitive and specific and is currently being used for confirmatory testing of many US blood donor samples that are positive in 1 of the 2 screening tests currently approved by the Food and Drug Administration for donor screening.
antIparasItIC trEatmEnt
The treatment of Chagas disease involves both parasite-specific therapy and adjunctive therapy for the management of the clinical manifestations. 92 The treatment of T. cruzi is not entirely satisfactory. There are 2 drugs available: nifurtimox (Lampit, Bayer 2502) and benznidazole (Rochagan, Roche 7-1051). Neither drug is Food and Drug Administration approved, but both are available under investigational use protocols (Centers for Disease Control and Prevention Drug Service; http://www.cdc.gov/laboratory/drugservice/index.html 404-639-3670). The drugs have variable efficacy, must be taken for extended periods, and patients may experience severe side effects. Common side effects associated with nifurtimox include anorexia, nausea, and vomiting; less commonly, patients complain of mood changes, insomnia, and myalgia. Benznidazole's side effects include allergic dermatitis, paresthesia, and anorexia. 92 These drugs are most effective for the treatment of acute and congenital infection. Parasitological cure is believed to occur in 60% to 85% of persons with acute infection who complete a full course of either drug, although there are no large-scale studies to support these data. The rate of parasitological cure in congenitally infected infants has been shown to be >90% if treatment is given during the first year of life. In general, the cure rate in patients with acute Chagas disease is thought to decrease as a function of the time patients have been infected; much lower proportions of individuals with long-standing chronic infection can be cured. There is growing evidence to suggest that treating patients with chronic infection may help to reduce progression of disease. 93 Patients with acute infections, including congenitally acquired infections in neonates, and chronically infected children should be treated. Most experts agree that treatment should be offered to eligible chronically infected adults up to the age of 50. The benefit of treatment relative to risk of side effects must be considered in treatment decisions for older patients. A large clinical trial designed to address the efficacy of benznidazole treatment in patients with early manifestations of cardiac Chagas disease is underway. Allopurinol and several antifungal azoles have been shown to have anti-T. cruzi activity in vitro and in animal models. Recently, posaconazole 94, 95 also has been shown to be efficacious in experimental animals, but its usefulness in T. cruzi-infected people has not been demonstrated.
manaGEmEnt OF CardIaC dIsEasE
The management of persons newly diagnosed with Chagas disease as a result of screening prompted by country of origin or blood donation has been described in detail by Bern et al. 96 The majority of identified persons have had the indeterminate (asymptomatic) form of chronic Chagas disease, especially those identified by blood donor screening. Briefly, after infection is confirmed in a second serologic test, a complete medical history and review of systems should be performed and a 12-lead ECG with a 30-second rhythm strip. If any clinical indication of cardiac disease is found, a complete cardiac evaluation is recommended including echocardiogram, ambulatory ECG monitoring, and other tests as indicated. If the initial evaluation reveals difficulty in swallowing or chronic constipation, evaluation of the GI tract, including imaging studies should be considered. If the patient fulfills the criteria for antiparasitic treatment, either nifurtimox or benznidazole should be offered. [92] [93] [94] [95] [96] Several general classification schemes similar to that of the New York Heart Association have been published for patients with cardiac manifestations of chronic Chagas disease. 97, 98 The usual therapeutic strategies for the management of CHF in patients with Chagas disease do not differ from those used for the treatment of CHF caused by other processes. Thus, digoxin has been used to treat CHF in Chagas disease for many years with good success. However, digoxin should be used with caution because of the frequent, extensive damage to the myocardium and the high likelihood of arrhythmias in chronically infected individuals. 3, 99, 100 Angiotensin-converting enzyme inhibitors and -blockers have become the cornerstone therapy for the management of patients with Chagasic cardiomyopathy in endemic areas. 3, 101, 102 The antiarrhythmic agent amiodarone has been used to manage arrhythmias in patients with Chagasic cardiomyopathy, but has not been demonstrated to reduce the incidence of sudden death. 103 It is interesting to note that this drug has also been shown to have trypanocidal effects. 104, 105 Pacemakers and implantable cardioverter-defibrillators (ICDs) have also been used in the management of Chagasic cardiomyopathy with arrhythmias. 3, 103 Those individuals with ventricular premature contractions who are asymptomatic generally do not require specific antiarrhythmic therapy. However, patients with sustained ventricular tachycardia and those who have been successfully resuscitated from a near sudden death episode in the setting of left ventricular dysfunction, or those who have recovered from cardiac arrest and have continued ventricular irritability, may benefit from ICD placement. Cardinalli-Neto et al 106 have demonstrated that the number of shocks per patient per 30 days is an independent risk factor for death in patients with ICDs and Chagas cardiomyopathy. In addition, left ventricular assist devices have been used in some patients, [107] [108] [109] usually in anticipation of cardiac transplantation.
As with other dilated cardiomyopathies, Chagasic cardiomyopathy is associated with stroke. 7, 31 Although some investigators have developed risk score schemes to assess the likelihood of cardioembolic or ischemic stroke 110 in patients with Chagasic cardiomyopathy, there are insufficient data to make broad recommendations regarding anticoagulation in these patients. Some have recommended that in those patients living in poor conditions and in rural areas, anticoagulation can be dangerous because of the lack of medical support. 7 The issue of whether Chagas disease predisposes to myocardial infarction has been raised for many years. The concept that this might be the case is based, in part, on observations in experimentally infected animals and in infected humans that the vasculature is damaged and that platelet thrombi are observed in coronary vessels. Although there are case reports and small series 74, [111] [112] [113] that suggest a link among Chagas disease, atherosclerosis, and myocardial infarction, there are no conclusive data. Furthermore, the increase in the prevalence of obesity and diabetes mellitus in Chagas-endemic areas and in the emigration of infected persons to North America and Europe may lead to an increase in ischemic heart disease in Chagasic patients.
CardIaC ImaGInG In humans
Cardiac imaging modalities provide investigators with noninvasive methods to evaluate cardiac anatomy and function. Echocardiography has been an integral part of the diagnosis, follow-up, and prognostication in patients with chronic Chagas disease. Specific diagnostic and prognostic information is provided by echocardiography during the early acute phase and the late symptomatic advanced stage and is used as a guide for proper staging of the disease. During the acute stage of the infection, echocardiographic findings most commonly include pericardial effusion, and segmental left ventricular wall motion abnormality involving the anterior, apical, or basal inferoposterior regions. 114 The overall left ventricular systolic function is typically preserved at this stage, although a small minority of those with cardiac involvement may present with symptomatic acute myocarditis. Pericardial effusion can be large and hemodynamically significant, leading to cardiac tamponade. The acute phase may be followed by a long indeterminate phase during which, by definition, symptoms and ECG or radiological abnormalities are absent. Routine transthoracic echocardiography is often normal at this stage. However, stress testing and more sensitive echocardiographic techniques may disclose latent myocardial abnormalities in some patients. Thus, abnormal myocardial relaxation indexes have been demonstrated by tissue Doppler imaging in some patients with otherwise normal echocardiograms. 115 Barros et al 116 demonstrated that some patients thought to be in the indeterminate phase of Chagas disease exhibit cardiac wall motion abnormalities associated with functional and electrical defects that can be used to predict risk. Tissue Doppler echocardiography has also been used to evaluate right ventricular function (right ventricular peak annular systolic and diastolic velocities) in Chagasic patients during rest and exercise. 117 In addition, the advent of harmonic and contrast echocardiography have resulted in improved detection of subtle regional left ventricular wall motion abnormality. 118 Using dobutamine stress echocardiography, blunted heart rate, and left ventricular contractile reserve have been shown in some patients with normal resting echocardiograms. 119 Ischemic regional left ventricular wall motion abnormality may also be detected on dobutamine stress echocardiography or by myocardial perfusion imaging studies and supports the notion of impaired coronary flow reserve due to abnormal myocardial microvasculature. 66, 67, 119, 120 Myocardial ischemia and scarring in the absence of epicardial coronary artery disease is also demonstrated by cardiac MRI. 121 Recently, using tissue Doppler imaging, prolonged isovolumic relaxation time has been reported in some patients with the indeterminate form of Chagas disease despite otherwise normal echocardiograms and has been found to be associated with the presence of ventricular arrhythmia. 116 A substantial proportion (20-30%) of patients eventually progress to the serious and potentially fatal chronic symptomatic phase of the disease, generally over several decades. Most early echocardiographic studies have focused on this latter phase of the disease. 122 These studies identified typical apical left ventricular aneurysms, often with extension toward the apical and mid-portions of the inferolateral wall, in nearly one half of such patients, whereas ~25% of the patients had a dilated and diffusely hypokinetic left ventricle. Segmental wall motion abnormalities occurred in the absence of epicardial coronary artery disease. Apical thrombus, basal inferoposterior hypokinesis or akinesis, left atrial enlargement, and right ventricular dilation and systolic dysfunction were also commonly detected. Some patients demonstrated 4-chamber cardiac dilation and biventricular systolic dysfunction. Thus, advanced Chagasic heart disease phenotypically mimics either chronic ischemic or idiopathic dilated cardiomyopathy. Later studies have demonstrated that altered geometry is a significant predictor of progressive adverse left ventricular remodeling in this disease. 123 Functional mitral and tricuspid regurgitation are often present in those with regional or global ventricular dysfunction. Left ventricular remodeling, as detected by echocardiography, has correlated directly with interleukin-6 concentrations as a marker of myocardial injury, 124 and the presence of echocardiographic abnormalities is highly predictive of poor outcome in chronic Chagas disease. 118 The significance of the right ventricular function 117 and left atrial size 125 in predicting overall cardiac function and functional capacity in patients with Chagas disease recently has been emphasized. The spectrum of cardiac abnormalities in Chagas disease is demonstrated in Figure 5 .
Cardiac-gated MRI, having excellent soft tissue spatial resolution, has emerged as an exceptional technology for evaluating clinical and experimental Chagasic cardiomyopathy. 121, [126] [127] [128] [129] [130] [131] [132] In 1995, Ueno et al 128 reported an MRI study of a 50-year-old Brazilian woman exhibiting dyspnea upon exertion. This was one of the first studies using cardiac MRI to evaluate a patient with Chagas disease and revealed localized thinning of the ventricular wall and a small apical left ventricular aneurysm. Subsequently, a number of reports have described the use of MRI in Chagasic cardiomyopathy. 121,126,127,13 0,132 Using delayed gadolinium enhancement, MRI also allows detection of myocardial fibrosis as a determinant of myocardial electrical instability and ventricular arrhythmias. 121 Importantly, MRI with delayed gadolinium enhancement has been shown to detect cardiac involvement before the onset of symptoms and may be useful for predicting arrhythmogenesis. 131 Rochitte et al 132 reported the first study quantifying myocardial fibrosis using delayed gadolinium-enhanced MRI in patients with Chagasic cardiomyopathy. They demonstrated that the degree of fibrosis detected by delayed gadolinium enhancement increased progressively from mild to severe disease, suggesting that the technique could be used to evaluate the stage of the disease and to assess risk. Recently, Strauss et al 133 have shown that 12-lead ECG QRS scoring is correlated with cardiac MRI with delayed gadolinium enhancement and may provide a more readily available tool for risk stratification in screening patients.
In animals
Serial studies on patients are limited and researchers have relied on animal models, in particular the mouse, to evaluate the immunology, pathology, physiology, and other aspects of the pathogenesis of Chagas disease. Noninvasive imaging technologies, permitting study of the same animal over an extended period of time, are ideal for investigating the transition from the acute to chronic stage of disease and therapeutic regimens. In small animal studies, MRI provides high resolution (~50-100 µM) and the same excellent soft tissue contrast as in humans. The Jelicks and Tanowitz laboratories reported the first MRI studies of mice infected with T. cruzi. 85, 134 Subsequently, the Tanowitz laboratory examined the cardiac structural and functional correlates of verapamil treatment in mice infected with T. cruzi using serial transthoracic echocardiography. 78 Echocardiography imaging of small animals has high spatial resolution (~50 μM) and contrast in soft tissue, and that study was the first demonstration of the usefulness of echocardiography to study the functional and structural abnormalities in chronic Chagasic heart disease in a mouse model. In other MRI studies, it has been demonstrated that heart wall motion abnormalities and dilatation of the right ventricle are markers of disease severity in mice. 135, 136 In more recent studies, Souza et al, 39 Goldenberg et al, 137 and Jasmin et al 138 In that study, MRI, echocardiography, and micropositron emission tomography (PET) imaging were compared. PET is a highly sensitive (pM) molecular imaging technique that can be used to visualize a variety of in vivo biological processes. It is most commonly used to measure uptake of 18 F-FDG for cancer diagnosis in patients. The resolution of microPET (1-2 mm) is not as high as MRI or echocardiography but is adequate for some small animal imaging. The study demonstrated that alterations in myocardial glucose uptake could be detected before any substantial structural or functional changes were observed by MRI or echocardiography (Fig. 6 ).
ChaGas dIsEasE and transpLant mEdICInE
Persons with serologically proven severe, chronic Chagasic heart disease with dilated cardiomyopathy and CHF may benefit from heart transplantation. In centers in Brazil, Chagas disease is the third most common reason for cardiac transplantation. It was recently reported that over a period of 25 years, 107 of 409 patients who underwent cardiac transplantation had Chagas disease. 140 A review of published studies revealed that Chagas disease transplant recipients had a high perioperative mortality rate but that the rate among non-Chagas heart transplant recipients was comparable, and both rates likely were attributable to transplant conditions in developing countries. 141 Reported survival rates for Chagas heart transplant patients from one Brazilian study were 83% at 1 year, 76% at 2 years, and 46% at 10 years. 142 A major concern in the heart transplant recipient is the consequence of long-term immunosuppressive therapy after transplant that carries the risk of reactivation of T. cruzi infection. Reported rates of reactivation range from 27% to 90% among Chagas heart transplant recipients and the mean number of reactivation episodes are 2.5±2.2 per patient. 141 A frequently asked question is whether the recipient patient with Chagasic heart disease should receive preoperative antiparasitic treatment. The majority of experts do not support this, in part because the side effects may render the potential recipient ineligible for transplantation. In addition, it is unlikely that such treatment will eradicate the parasite in patients with long-standing infections. After transplantation, chronically infected recipients should be followed with periodic blood smears and PCR testing for evidence of reactivation disease. Patent parasitemia is an indication for treatment. In addition, if rejection is suspected and the myocardial biopsy is positive for T. cruzi, then the patient should be treated with antiparasitic drugs. Recommendations for the screening and treatment of Chagas disease in organ donors and transplant recipients who receive an organ(s) from an infected donor have recently been published in the American Journal of Transplantation. 143 The authors recommended targeted screening of organ donors based on assessment of risk and did not recommend transplanting the heart from any infected donor, although outcomes from transplantation of other organs, especially kidneys, can be successful. Any recipient who has received an organ(s) transplanted from an infected donor should be monitored after transplant by serial blood smears, PCR testing, and examination of any biopsy samples for evidence of transplant-transmitted infection. Similar to monitoring for reactivation in the chronically infected organ recipient, monitoring of recipients of organs from infected donors should be intensive during the period immediately after transplant and at any time that immunosuppression is increased or an illness or possible rejection event develops. Acute T. cruzi infection in the transplant recipient should be treated promptly.
stEm CELL-BasEd thErapY
Because of the risks of cardiac transplantation in a patient with Chagasic cardiomyopathy, stem cell transplantation currently is being evaluated in patients with severe CHF and Chagasic heart disease. In 2004, Soares et al 144 demonstrated that bone marrow mononuclear cells from normal syngeneic donors significantly reduced cardiac inflammation and fibrosis in mice with chronic T. cruzi infections. Importantly, the improvement was long lasting, being observed up to 6 months after cell therapy. Cell dosing experiments demonstrated that a minimum of 10 5 cells were necessary for a significant reduction in the number of inflammatory cells and injection of 10 6 or 10 7 cells induced similar effects. In anticipation of attempts to validate this therapy in humans, because in clinical trials autologous bone marrow cells would be used, bone marrow cells from chronically infected mice were used and shown to also ameliorate the pathology of infected mice. 144 In 2008, using MRI, Goldenberg et al 137 demonstrated that 10 7 bone marrow mononuclear cells prevented and reversed the right ventricular dilatation induced in mice by T. cruzi infection, illustrating that the histopathological improvement reported by Soares et al 144 has a functional correlate. Later, Macambira et al 145 determined that repeated injections of the granulocyte colony-stimulating factor, which mobilizes stem cells from the bone marrow, decrease inflammation and fibrosis in the hearts of Chagasic mice. Furthermore, the combination of bone marrow mononuclear cells and granulocyte colony-stimulating factor enhances the effect of the cell therapy in the reduction of the inflammatory infiltrate. In a rat model of Chagasic cardiomyopathy, Guarita-Souza et al 146 reported that direct left ventricular injection of cocultured skeletal myoblasts and mesenchymal bone marrow-derived cells improved heart function in chronically infected rats as measured by echocardiography. Injection of the cocultured cells increased ejection fraction and decreased end-systolic and diastolic volumes. These findings demonstrate that local injection of stem cells is also effective and suggest that cells are able to diffuse out and reach other regions of the heart. This is an important observation, given the widespread involvement of the myocardium in Chagasic cardiomyopathy.
Based on the results in animal models, investigators in Brazil initiated a clinical trial to examine the feasibility and safety of autologous bone marrow cell transplantation in patients with CHF caused by chronic Chagas disease. These patients generally have a poor prognosis, with mortality rates reaching 40% within 2 years of onset. At the most advanced stage of CHF, the only therapy possible is heart transplantation, and the trial was designed for such patients. 147 Bone marrow cell aspiration was performed on the day of the injection and the bone marrow mononuclear fraction was obtained through Ficoll density gradient centrifugation and injected into the coronary arteries using an angioplasty catheter with the following distribution: 10 mL in the left descending coronary artery, 5 mL in the circumflex, and 5 mL in the right coronary artery. Mean number of injected cells was 2.7 × 10 8 . At the 25th day after cell injection, patients received 5 μg/ kg of granulocyte colony-stimulating factor for 5 days. Patients were followed for 6 months. Importantly, there was no detectable increase in arrhythmias after cell therapy nor was there an increase in troponin I levels during or after the procedure. Results indicated that cell therapy induced a small but significant increase in ejection fraction. Quality of life improved as determined by the Minnesota Questionnaire and by the New York Heart Association class. A 6-minute walking test also showed significant improvement. These results were observed 1 month after therapy and persisted for the 6-month follow-up period. The conclusion was that bone marrow mononuclear cell therapy by intracoronary delivery is feasible and safe in chronic Chagasic cardiomyopathy patients. Given the promising results of the phase 1 trial, a larger, multicenter, randomized, doubleblind and placebo-controlled trial was designed to test for efficacy of the intracoronary delivery of bone marrow-derived mononuclear cells in chronic Chagasic cardiomyopathy and is ongoing.
COnCLUsIOns
Chagas disease is one of the neglected tropical diseases now found in nonendemic areas of the world. In the past 100 years since the discovery of this disease by Carlos Chagas, our understanding of the pathology and pathogenesis of this disease has grown. However, physician awareness in nonendemic areas remains a problem. 29, 30 There are many developments that are exciting and require further investigation. Among these are the expanded use of left ventricular assist devices as a bridge to cardiac transplantation, and the development of immunosuppressive agents that do not result in reactivation of the infection. The further evaluation of stem cell therapy for the treatment of Chagasic cardiomyopathy requires increased efforts, which are currently ongoing. As mentioned earlier, there are no clear guidelines for the institution of anticoagulation therapy in either the treatment or the prevention of stroke in these patients. Other important areas of research are the evaluation of biomarkers for diagnosing infection and assessing parasitological cure, and the factors that contribute to the transition from acute to chronic disease. The development of efficacious nontoxic drugs is of utmost importance, as is vaccine development but its progress has been slow. Chagas disease remains an exciting area of clinical and basic research for many years to come.
